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ABSTRACT
Due to the complexity of the in vivo environment, in vitro cell studies provide valuable
insights into the mechanisms behind cell response to mechanical stimulus. Many devices have
been developed to apply tensile stress to elastomer membranes on which cell monolayers are
cultured and observe cell response. The present study characterizes stretch-induced strain fields
for an improved stretcher system using an open source digital image correlation software.
Young’s modulus and Poisson’s ratio are measured for a widely used membrane material. Strains
on the membrane surface were found to be uniform and equibiaxial within approximately 5 mm
of the center of the membrane. The membrane Young’s modulus was found to be 910 kPa, and
Poisson’s ratio was found to vary from 0.42 at 0% elongation to 0.3 at 50% elongation. This
study provides critical information on a previously reported stretcher and previously unreported
data on a widely used membrane material.
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CHAPTER 1
INTRODUCTION

Cells perform essential functions in the body through complex signaling and response
mechanisms. Mechanical and chemical stimuli regulate cell activity for a variety of cell types,
and the in vivo environment is extremely complex. Cell response to mechanical stimuli has been
studied in vitro using various methods, one of which is to culture a cell monolayer on a flexible
membrane material and apply some form of stretch to the membrane. Devices for this purpose
are often called cell stretchers, and their development has allowed observation of cell response to
a variety of mechanical stimuli. In this study, a particular cell stretcher and its membrane
material are characterized.
The Cell Mechanical Stimulators section reviews the progress made in cell stretcher
design and understanding and means of evaluating the strains induced in the membranes of these
devices since its beginning in the 1970’s. Design principles are discussed, stretcher types and the
evaluation of their strain fields are compared. Digital image correlation (DIC) is reviewed
briefly, as it is a relatively new technique and is used for experimental strain measurement in this
study and provides significant insight into the multiaxial strains generated in the membranes of
these devices. The topics of patterning, cross correlation and implementation as they relate to
DIC are covered, as well as a summary of work done previously using DIC in cell
mechanobiology. Finally, a short description is given of Poisson’s ratio and the role it plays in
elastomer membrane strain fields.
The membrane stretcher is tested to determine the strain field over the region available
for cell growth. DIC is particularly well-suited to this task and the results may provide a basis for
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designing experiments to study and grow cells in regions that match the desired strains.
Experimental DIC measurements and finite element (FE) simulations are compared with the aim
of providing validation for future FE analyses to design cell stretchers that achieve the desired
strain fields. Poisson’s ratio is shown to vary with strain level for the polydimethylsiloxane
(PDMS) membrane material, and this data is explained and compared with reports from previous
literature. The thesis is concluded with a discussion of limitations and future work.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Cell Mechanical Stimulators
2.1.1 Mechanical Stimulation in Cell Mechanobiology
In vitro cell studies allow us to better understand the vastly complex mechanisms by
which cells interact with their environments through signaling and response mechanisms. These
mechanisms are often poorly understood, and due to the extraordinary complexity of the
chemical and mechanical environment in vivo, the study of cellular response to stimuli is very
challenging. In vitro cell cultures, while not a perfect model, have allowed observation of cell
response to chemical and mechanical stimuli. Various methods have been developed for
applying mechanical stimuli in vitro and observing cell response, but the utility of the in vitro
devices, and thus the value of observed biological results, is highly contingent on the ability of
the mechanical stimulator to provide a well-understood mechanical stimulus to the cells that may
be compared to the physiologic mechanical environment.
2.1.2 Cell Stretcher Design
Cell response to mechanical stimuli has been studied by culturing cells on materials that
will allow the application of forces to the cells. Cells experience a variety of mechanical stimuli
in the physiologic environment, and these stimuli regulate proliferation, differentiation, motility
and apoptosis (Riehl et al. 2012). Mechanical stimuli typically come in the form of compressive
stress, fluid shear stress or tensile stress, and systems have been developed to simulate different
physiologic mechanical environments. Most researchers using mechanical cell stimulators seek
to observe the effect of a single, controlled mechanical stimulus on cells, or possibly two types of
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mechanical stimulus. The most challenging aspect of cell stimulator design comes in eliminating
unintended stimuli to the cultured cells, ensuring that the observed cell behavior is a response to
the stimulus of interest. Furthermore, the stimulus must be applied in a way that allows control of
the magnitude of applied strain or stress. This discussion will focus on systems for applying
tensile strains to cell culture substrates, however it is important to note that cells will also
respond to compressive stresses and strains as well as fluid shear stresses, and this must be
accounted for in designing tensile systems.
2.1.3 Tensile Cell Stretchers
Multiple types of cells experience and respond to tensile forces in the body, and scientists
observe cell response to stretch with variations in biochemistry and genetic factors, as well as
stretch frequency, magnitude, and duration. For example, Lehnich et al. (2012) studied the
activation of various proteins in lung epithelial cells in response to applied stretch in vitro. In
order to match the in vivo mechanical environment, hey attempted to apply a uniform strain field
of 12-37% area extension (5.8-17% linear strain) at 12-40 min-1 frequency. Raif et al. (2007)
sought to investigate the effect of cyclic tensile strain on the expression of genes involved in
ligament matrix remodeling. They applied 4.5% uniaxial strain for 1 hour at 1 Hz to bovine
synovial cells in an effort to recreate the cyclic, approximately uniaxial strains experienced by
cells in vivo. In these studies and many others, eliciting a biological response from the cells to a
mechanical environment that is thought to be similar to their in vivo environment allows
researchers to investigate the mechanisms driving various cell behaviors.
Stretcher systems have been used to mechanically stimulate cells since the 1970’s, and
many techniques have been developed (Brown, 2000). Cells usually are grown on thin elastomer
membranes, typically polydimethylsiloxane and the membrane is stretched, typically between
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1% and 20% strain, and cell response is observed. It has been challenging to design stretching
devices for osteoblast-like cells because the in vivo strains in bone are in the range of 0.04 –
0.4% strain, which is difficult to achieve in a controlled cyclical device. The primary difference
between various systems is the method by which stretch is applied. It is worthwhile to reiterate
that the main challenges in stretcher design come in eliminating or accounting for compressive
and fluid shear stresses, and in applying stretch with controlled magnitude and direction.
Because the primary goal is to recreate the in vivo mechanical environment, the choice of
stretcher design will be largely dictated by the type of cells studied. Uniaxial systems apply
stretch along a single axis (however, this will result in strains along many axes for materials with
nonzero Poisson’s ratio), and biaxial systems apply stretch such that the substrates on which cells
grow experience significant strains along two axes. Uniaxial stretchers and biaxial stretchers
apply different strain states and are used to study different mechanical stimuli, but they are often
used with the same types of cells, typically fibroblasts (Bell et al., 2012; Ursekar et al., 2014),
epithelial cells (Huang et al., 1995; Lehnich et al., 2012), or mesenchymal stem cells (Park et al.,
2004; Zhou et al., 2012). Some studies use other types of cells, but most use one of these cell
types and vary the applied mechanical and chemical stimuli.
2.1.4 Uniaxial Stretchers
Uniaxial systems apply stretch by pulling two ends of a rectangular substrate, and while
this does well to produce a controllable stretch along one axis, it also has disadvantages. Strain
levels will vary significantly with the distance from the ends of the substrate, making it difficult
to obtain a sample of cells for analysis that have all experienced the same stimulus. Another
disadvantage is that for all substrate materials with a nonzero Poisson’s ratio, cells will
experience compressive strain perpendicular to the stretch axis.
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Many uniaxial studies have been performed using various loading frequencies, durations
and magnitudes. One group applied 5% cyclic uniaxial strains to rat long bone cells and observed
nitric oxide and prostaglandin production in response to the strains (Smalt et al., 1997). Another
group applied 10% cyclic uniaxial strain to endothelial cells to investigate factors affecting cell
reorientation and fiber remodeling (Wang et al., 2000). Another group applied 10% cyclic
uniaxial strain to mesenchymal stem cells in an attempt to promote differentiation into smooth
muscle cells (Park et al., 2004).
2.1.5 Biaxial Stretchers
Biaxial stretcher systems seek to replicate mechanical environments with two significant
directional strain components, and typically the components are equal in magnitude or at least in
sign. In other words, the primary design goal is to generate a region of uniform, biaxial or
equibiaxial strain, and there are various ways to do this. Early efforts in biaxial cell stretcher
design revolved around displacing the center portion of a round membrane with the perimeter
held in place using either a vacuum, or air or fluid to inflate the membrane. The Flexcell ®
International Corp. (Burlington, NC) system was introduced in 1985, and like previous systems it
relied on spherical distention of a circular membrane; the Flexcell system was vacuum driven,
allowing user-specified waveform and frequency of loading. Commercialization of the Flexcell
system generated widespread use of cell stretchers, and many groups have designed custom
stretcher systems since.
Biaxial stretcher systems can be categorized as those that apply stretch by out of plane
motion of the membrane, and those that apply stretch in the plane of the membrane (Figure 1).
Many out of plane distention systems have been designed, but this method of stretching has
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significant disadvantages due to fluid flow, inertial effects and difficulty in imaging of cells
during stretching.
It has been shown that fluid shear stress produces a significant response in bone cells and
in endothelial cells (Williams et al., 1994; Kosaki et al., 1998). When the center of a flat
substrate membrane is displaced vertically, the liquid cell culture media will quickly flow toward
or away from the center of the membrane. This fluid flow will stimulate the cells in way that is
very difficult to quantify, and obscure any information on the cell response to stretch alone.
The out of plane movement of cell cultures may also contribute significant mechanical
stimulus to the cells due to inertial effects as cells are elevated and dropped during stretching.
Inertial effects play a significant role not only in systems applying cyclic loading, but also in
quasi-static systems if the membrane is displaced too quickly.
Lastly, a cell culture moving out of plane is very difficult to image, requiring constant
refocusing of the imaging device. This drastically increases the time required for imaging, and in
some cases will preclude imaging until cells are removed from the stretcher. Due to these
disadvantages, in plane systems have become more prevalent in studies over the past decade.
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Figure 1: In plane stretcher systems are advantageous for cell imaging and they can minimize
fluid and inertial forces on cell cultures. Cells and culture media are shown before and after
stretch is applied.

Applying stretch to cells without moving them out of the plane of the membrane
facilitates imaging the cell response to mechanostimulus. The first in-plane biaxial systems
introduced were two systems developed separately (Schaffer et al., 1994; Hung & Williams,
1994). Hung & Williams designed a system which applied equibiaxial, in-plane stretch by
indenting an elastic membrane with a ring indenter outside of the circular cell culture area so that
the media remained undisturbed to vertical motion and allows for viewing either by inverted or
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upright microscopy. Schaeffer et al. used a loading post system similar to what is shown in
Figure 1 which results in some disturbance to the media in the vertical direction. These systems
each applied a highly uniform strain field for the very small strains believed to be relevant to
periosteal bone lining cells (pre-osteoblasts) (Brighton et al., 1992). Many variations on these
designs were reported subsequently using various membrane materials and applying varied
levels of stretch (Table 1).
Table 1: Most stretcher designs use a PDMS membrane to stretch cells in the plane of the
membrane.
Author, Year
Gilbert et al., 1994
Hung & Williams, 1994
Schaffer et al., 1994
Norton et al., 1995
Waters et al., 2001
Vande Geest et al., 2004
Gilchrist et al., 2006
Matheson et al., 2006
Rana et al., 2007
Wall et al., 2007
Tan et al., 2008
Bieler et al., 2009
Huang et al., 2010

Chiang et al., 2010
Simmons et al., 2011
Mann et al., 2012
Lee et al., 2013
Rapalo et al., 2014**
Simon-Allue & Cordero,
2014
Ursekar et al., 2014
Imsirovic et al., 2015
Morita et al., 2015

Stretch Method
Out of plane (vacuumdriven)
In plane (indenter)
In plane (loading post)
In plane (four clamp)
In plane (four clamp)
In plane (loading post)
In plane (loading post)
In plane (loading post)
In plane (loading post)
In plane (loading post)
Out of plane (vacuumdriven)
In plane (loading post)
In plane (loading ring
outside of cell culture
well)
In plane (loading post)
In plane (loading post)
In plane (loading post)
In plane (loading post)
In plane (six clamp)
In plane (four clamp)
In plane (loading post)
In plane (loading post)
In plane (two clamp,
nonuniform)
9

Substrate Material
N/A

Strain
Level*
27%

Pellethane (Deerfield
Urethane)
Silicone elastomer
PTFE
PDMS (Silastic)
PDMS (Flexcell)
Silicone (SILTEC)
PDMS (Flexcell)
PDMS (Flexcell)
PDMS (Flexcell)
PDMS (Sylgard-184)

0.4%

PDMS (Flexcell)
Silicon

10%
15%

PDMS (Flexcell)
PDMS (Sylgard-184)
PDMS
Silicone
PDMS (Flexcell)
Silicone

20%
9%
20%
10%
20%
11%

PDMS (Sylgard-184)
Silicone
PDMS (Silpot184)

17%
30%
15%

10%
5%
10%
20%
15%
10%
21%
7%
16%

*Strains are given as engineering strain (εE=λ-1), where λ (current dimension/initial value of
dimension) is called the stretch ratio.
**Stretcher used in the present study.

2.1.6 Current System
The stretcher studied in this thesis was developed to generate a region of uniform,
equibiaxial strain at the center of the membrane, eliminate out of plane motion, and allow for
fine microscopic viewing under both static and cyclic stretch. The system was used by Rapalo et
al. (2014) to study epithelial cell response to mechanical stimulation. The stretcher is similar in
nature to four-clamp biaxial systems reported previously (Norton et al. 1995; Waters et al. 2001),
but six clamps are used rather than four in order to minimize the area affected by clamping
effects (Figure 2). Stretch is applied within the plane of the membrane, minimizing fluid shear
stimulus to cultured cells and eliminating the need to re-focus imaging systems. The stretcher
also leverages the open center concept used by Hung & Williams to allow for easy imaging. Fine
control over stretch is achieved by using a linear electric motor to drive the motion of an iris
mechanism, which then stretches the membrane. Although not investigated in the current study,
the extra clamps allow for more flexibility in the state of stress applied to cell cultures. For
example, stretch could be applied along one or two of the three stretch axes to study various
stress states.
In summary, the system used in this study eliminates out of plane motion, allows for a
clear view of cells while stretch is applied, and allows fine control of applied strain levels, but
clamping effects limit the region over which strains are equibiaxial.
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Figure 2: The current stretcher, shown without a membrane loaded (A), uses six clamps to apply
in-plane stretch to circular membranes. The open center allows light to pass through for clear
imaging.

2.2 Digital Image Correlation
2.2.1 Overview
Digital image Correlation (DIC) is a technique for making non-contact experimental
strain measurements (Sutton et al., 2009). DIC uses recorded images of a material as it is being
deformed as inputs and calculates displacement and strain fields. The undeformed image is
broken into subsets, and image processing techniques are used to track the position of subsets
from one image to the next. The region of interest is broken down into many subsets, and the
changes in position of these subsets relative to each other are used to calculate displacements and
derive strain fields (Chu et al., 1985).
This technique offers a powerful tool for the analysis of strains in cell mechanobiology
studies. Where previous studies reported strain values at various points, DIC analyzes strain
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fields. This allows for quantitative spatial analysis of strain distributions, both on substrate
membranes and in cell cultures, which can elucidate the mechanisms behind various mechanical
phenomena in cell cultures. In order to apply DIC effectively in cell mechanobiology studies, it
is important to understand the capabilities and limitations of DIC. The following is a review of
basic DIC algorithms and implementation, as used in the current study.
DIC is a technique that uses images of a material as it undergoes deformation to calculate
displacement and strain fields over the surface of the material. It is a powerful technique in that it
uses image tracking techniques that are agnostic to scale, and thus allows non-contact strain
measurement at various scales.
DIC takes subsequent images as input, starting with the undeformed, or reference, image.
Within the reference image, a region of interest is identified and broken into various subsets. The
unique pattern of grayscale values in a given subset is then used to identify its location in later
images as the material, and thus the subset, undergoes some deformation. The transformation
used to map the reference subset to its current deformed state provides the information necessary
to generate displacement and strain data.
2.2.2 Surface Patterning:
Surface patterning is essential to DIC’s ability to track subset location from one image to
another. Subsets are identified by the unique pattern of grayscale values within the subset, and
the reliability and resolution of DIC is dependent on the uniqueness of these subsets. In one
extreme, a speckle pattern with very fine patterning would allow for extremely high spatial
resolution, but would not provide the uniqueness of subsets needed for accurate deformation
tracking. In the opposite extreme, very coarse patterning may provide a highly unique subset, but
the spatial resolution would be restricted by the large size of the speckling. The ideal patterning
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will choose subset size and speckle size to strike a balance between spatial resolution and image
tracking accuracy (Sutton et al., 1983).
Some applications rely on the pattern of grayscale values naturally present in the images
being analyzed, but most applications take advantage of an applied speckle pattern. Either way,
the goal is that each subset will have a unique pattern hat can be recognized in deformed images.
One common method for applying a speckle pattern, and the method used in this study, is the use
of black and white spray paints. High pressure inside a spray paint can combined with a partially
opened valve will cause the paint to come out as large droplets. An example of this is shown in
Figure 3 below.

Figure 3: A uniaxial test sample is shown with spray paint speckle pattern applied.
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2.2.3 Subset Transformation:
The reference (undeformed) subset is made up of grayscale values recorded at various
coordinates within the subset area. A transform is applied to these coordinates such that the gray
values of the reference subset coordinates match the gray values of the deformed subset
coordinates, as shown in Equations 1-3 (Blaber et al., 2015).

(1)

(2)

(3)

where xcur and ycur, and xref and yref are the x and y coordinates of a point in the current image
and in the reference image, respectively; i and j are indices denoting the position of a point (x,y)
with respect to the center of the subset; p is a vector containing all of the components of the
transform, and is typically constrained to a linear, first order transform. If very high strains are
anticipated, p can be defined as a second order transformation.
2.2.4 Correlation Criteria:
As mentioned previously, DIC attempts to match grayscale values between reference and
current subset coordinates. The quality of this match is quantified by a correlation criterion,
which quantitatively compares the array of grayscale values from the reference and current
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subsets. The cross correlation and least squares criteria are two types of correlation criteria used
commonly in DIC (Eqs. 4-6) (Blaber et al., 2015).

(4)

(5)

(6)

where f and g are the grayscale values at a given subset point in the reference and current
images, respectively; fm and gm are the average grayscale values for the reference and current
subsets; S is a set containing all of the subset points, and n(S) is the number of individual subset
points in S.
In the cross correlation and least squares criteria, subtracting fm and gm in the numerator
and division by the value in the denominator causes the criteria to be unaffected by shifted or
scaled grayscale values, respectively.
The cross correlation criterion has a range of [-1, 1] and the least squares criterion has a
range of [0, 4]. The two criteria are directly related (CLS=2(1-CCC)), but given their different
outputs, they are advantageous in different situations. The least squares criterion is best used in
an optimization scheme because it can be minimized to give the best match between grayscale

15

values, allowing the use of the Gauss-Newton method. The cross correlation criterion is better
suited for use in obtaining the initial guess to an iterative optimization. (Pan et al., 2010)
2.2.5 Implementation:
The correlation criteria provide a metric with which grayscale values at various locations
in the current image can be compared to those in the reference image, and DIC software will
automate this process. Ncorr, an open source 2D-DIC MATLAB (MathWorks, Natick, MA)
code, developed by Justin Blaber at Georgia Institute of Technology
(http://www.ncorr.com/index.php/contact) does this by making an initial guess for the current
subset location and implementing an iterative optimization scheme.
An initial guess is made using normalized cross correlation (NCC). (Lewis, 1995) After a
reference subset is chosen, the value of the cross correlation coefficient in Equation 4 is
calculated for every location in the current image. This will produce an array of values for the
cross correlation coefficient and the location with the highest value corresponds to the location of
the subset in the current configuration. The NCC method for the initial guess is used to
determine the integer values for translation of the reference subset into the current configuration,
however an iterative optimization is needed to determine the appropriate rotations and strains.
In the iterative scheme, the least squares criterion is considered, and since the best match
is indicated by the lowest value of this criterion, the Gauss-Newton method is used to find the
roots of the derivative of the criterion. The Gauss-Newton method is a variation of Newton’s
method for finding the minimum value of a function, but it has the advantage that second
derivatives are not needed. By minimizing the least squares function, the rotations and strains
necessary to match the current subset to the reference can be found, and combined with the
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translations found in the initial guess, this information allows calculation of displacements of a
given subset.
Once a single subset’s displacement data is found, a method must be determined for
efficiently finding displacements of all subsets in the region of interest. There are various
methods available for doing this, but Ncorr uses the reliability-guided method proposed by Pan
et al. (2012). This method starts by choosing a seed point, where the first subset deformation is
calculated, and then calculates the least squares criterion value for all subsets immediately
surrounding the seed point. The subset with the lowest criterion value is analyzed next, and the
displacement data for the previous point is used as an initial guess. The reliability-guided method
has two main advantages. First, the lengthy initial guess procedure using the cross correlation
coefficient only needs to be used for the seed point. Second, the calculation preferentially
proceeds through good data points, preventing the use of a bad data point as the initial guess for
a subsequent subset.
2.2.6 Digital Image Correlation in Cell Mechanobiology
The first reported use of DIC in analyzing cell culture strains came in studies by two
groups in 2007. One group used a Newton-Raphson search algorithm to generate first order
estimations of displacements in cells derived from the annulus fibrosus of the intervertebral disc,
when attached to a silicone membrane and subjected to uniaxial tensile stretch (Gilchrist et al.,
2007). Another group used a zero-order approach to determine displacements, and subsequently
strain fields in tenocyte cultures stretched in uniaxial tension, and also in tenocyte cultures in
biaxial tension (Wall et al., 2007). Bieler et al. used a commercial DIC package (Vic2D,
Correlated Solutions, Columbia, SC, USA) to measure strain fields on a speckled membrane and
compared to strains measured between stained cell nuclei in cultures of bone marrow-derived
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cells. Chiang et al. implemented an automated initial guess for the iterative cross correlation
scheme, and similar to Gilchrist et al., they also used a first order approximation of displacement
fields.
The previous work done using DIC in cell studies has produced very useful, previously
unreported information on the relation between applied substrate strains and corresponding cell
culture strains in vitro, however the DIC methods leave much room for improvement. Early
works by Rana et al. (2007) and Wall et al. (2007) used first and zero-order estimations of
strains, meaning they were unable to analyze strain fields with high distortion or large strains. In
some cases, such as a high strain uniaxial stretch, the aspect ratio of the undeformed subset will
change enough that the DIC program will fail to match subsets with a first order approximation.
Furthermore, these groups do not mention any efforts to handle discontinuous displacements or
discontinuities in geometry, issues likely to come up when analyzing cell cultures. The DIC
programs used are shown to be accurate for strains below 30% with low distortion, as in
equibiaxial strains. Thus, strain measurements on membranes at small strains are reliable,
however analysis of intercellular strain fields or large strain, high gradient strain fields is beyond
the capability of these DIC programs.
Bieler et al. (2009) used the Vic2D program, and while this program implements
algorithmic improvements over most custom programs, it is unclear what improvements are
made or how the program functions. Lack of transparency and customizability is an issue
common to most commercial software, and it holds true for Vic2D and other commercial DIC
packages. Finally, commercial packages can be prohibitively expensive, precluding their use by
groups without access to extensive funding.
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The Ncorr open source DIC package is transparent (implemented in MATLAB), open
source, well documented, and incorporates many algorithmic improvements to make it highly
robust in handling low and high strains, large deformation gradients, discontinuous deformations
and geometries, and shifts in lighting during imaging. Furthermore, as future algorithmic or other
improvements to DIC methods are reported, the open source code will allow easy
implementation.
2.2.7 Limitations
DIC is a powerful tool for the analysis of strains on planar surfaces where a suitable
pattern is present or can be applied. These stipulations are the two main limitations of DIC. First,
the surface analyzed must be planar. 3D DIC techniques are available, but they require multiple
cameras, and 3D DIC software has very limited availability and is very expensive. The 2D DIC
technique is robust with respect to recognizing patterns, even around discontinuous
displacements or with shifts in lighting, however, it is extremely sensitive to out of plane motion.
Thus, care must be taken in experimental design to ensure that out of plane motion is minimized
if not eliminated.
Secondly, the accuracy of DIC relies on the correlation criteria’s ability to
recognize differences in grayscale patterns. Thus, the more unique and recognizable the pattern,
the more reliable DIC data will be. In applications where a speckle pattern can be applied, it is
important for the experimenter to keep in mind the subset size and sample size when applying a
pattern to the surface. If this is not done properly, the program will be prone to calculating
artificially high strain gradients around areas with poor patterning.
2.3

Poisson’s Ratio in Compressible and Incompressible Materials
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In the field of cell biomechanics, elastomer membranes are widely used to apply a
controlled mechanostimulus to cell cultures in vitro. It is critical to the integrity of the
experiment that the applied stimulus be well characterized, both experimentally and analytically.
Therefore, it is important to understand the behavior of elastomer membranes under small and
large deformation. The following is a review of Poisson’s ratio in elastomers and its dependence
on strain magnitude. This dependence is a well documented phenomenon in the field of
mechanics, but it not often discussed or considered in the field of cell biomechanics.
Poisson’s ratio of incompressible isotropic elastomers and its effect on stress distributions
in membranes has been widely studied (Beatty & Stalnaker, 1986; Smith et al., 1999; Starkova &
Aniskevich, 2010). Previous studies have described how Poisson’s ratio can be treated as
constant for typical engineering materials at relatively low strains. However, for a given material,
Poisson’s ratio varies increasingly with increasing strain levels, and this variation can be
significant for the elastomeric materials used in cell stretching experiments. While the cell
biomechanics community may primarily be interested in small strain experiments, suggesting a
small variation in Poisson’s ratio, the stress distribution in elastomeric membranes exhibits
extreme sensitivity to even small changes in Poisson’s ratio (Destrade et al., 2012).
Poisson’s ratio is often considered constant, defined as the ratio of the lateral contractile
strain to the axial contractile strain in a uniaxial test, but this value will change significantly with
the stretch ratio, λ. What is often used as the constant value for Poisson’s ratio is defined by
Beatty as the limit of this function, ν0:

𝜈0 = lim𝜆→1 𝜈(𝜆)
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(8)

The Poisson function of finite elasticity, also called the universal Poisson’s function of finite
elasticity (Beatty & Stalnaker, 1986) for incompressible materials was first reported in 1827 as
shown in Equation 7 (Cauchy, 1827):

1

𝜈(𝜆) = 𝜆+𝜆1/2

(7)

The dependence of Poisson’s ratio on stretch level is widely known in the field of mechanics, but
it is relevant to discuss here because the change in Poisson’s ratio with strain levels has not been
reported for the Flexcell StageFlexer® membrane. This membrane is widely used in cell
mechanobiology studies, and as mentioned previously and shown by Destrade et al. (2012),
small changes in Poisson’s ratio can have a large effect on strain distributions applied to cell
cultures.
2.4 Motivation and Study Purposes
Membrane stretchers provide an effective method for studying the effects of mechanical
strain on cell monolayers. Rapalo et al. have developed a highly effective stretcher, optimized for
imaging and fine control of applied mechanostimulus. Similar to the system proposed by Hung
& Williams (1994) and in contrast to the other in-plane biaxial systems described in the literature
or available commercially, the six clamp stretcher has the potential to apply a highly uniform,
equibiaxial strain field to cultured cells without significant stimulation from fluid shear or
inertial effects. However, the utility of such in vitro experiments is enhanced when the strain
distribution over the entire available cell culture area is well characterized. The flat membrane
offers an application highly conducive to the use of DIC in characterizing strain fields on both
the membrane itself and in cultured cell monolayers. This study will not focus on strains in

21

cultured monolayers, but the use of Ncorr DIC here is a demonstration of its capabilities for
analyzing strains both on membranes and in cell cultures.
The primary goal of this study is to provide a full mechanical characterization of the
stretcher system used previously and currently in studying the biomechanics of lung epithelial
cells. This will be done using a new, open source DIC program that implements many
algorithmic improvements over previous systems, providing DIC analysis that is robust in
handling shifts in lighting, discontinuous deformation and geometry, high strain, and large strain
gradients, all of which are challenges inherent to imaging stretchers and cell monolayers.
Secondary goals of the study include demonstrating the use of Ncorr DIC in cell stretcher
analysis and characterizing relevant material properties of a commonly used PDMS membrane
material.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Membrane Strain Fields
Membranes were cut from polydimethylsiloxane (PDMS) sheets coated in collagen IV
(Flexcell ® International Corp.) using a template. A random speckle pattern was applied using
black and white spray paint. The membranes were loaded into a motor driven stretcher that
clamps the membrane on six equally spaced tabs. The stretcher is driven by a linear motor, which
drives an iris mechanism to apply stretch along three axes spaced equally, 60 degrees from each
other (Figure 4). Images were recorded for DIC analysis using an Allied Vision Technologies
Stingray (Newburyport, MA) CCD camera (1388 x 1038 pixel) and a Sill Optics (Wendelstein,
Germany) correctal telecentric lens. The stretcher was programmed to stretch to 25% strain
between clamps, pausing every 1.7% to allow for imaging. This resulted in 15 images recorded
over the 25% stretch. In order to account for material variations within a given membrane and
between membranes, each membrane was tested three times, rotating 60 degrees each time. This
procedure was repeated for three different membranes. Additionally, time dependence studies
were performed to observe any significant membrane relaxation, whether due to slip in the
clamps or viscoelasticity of the PDMS. The membrane was stretched to 20% εapplied, held there
and images were recorded every minute for 30 minutes.
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Figure 4: Membranes were cut from a sheet of collagen IV-coated PDMS using a template (A).
A random speckle pattern was applied to the membranes using black and white spray paint. With
speckle pattern applied, the six membrane membranes tabs were loaded onto six clamps with
loading posts for additional support (B). The clamps spread radially at equal rates (C). Picture D
above shows a typical image used for DIC analysis.

3.2 Digital Image Correlation
DIC was performed using Ncorr, an open source 2D DIC software (www.ncorr.com).
The membrane stretcher was analyzed using 15 images as input for each stretch repetition. The
region of interest was defined as a circle covering the center of the membrane out to the edge of
the membrane tabs. Both subset size and strain radius (length over which strain values are
calculated) were chosen so as to minimize artificial noise in the data while maintaining
resolution. A more complete explanation of this consideration is provided in the Background
section.
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3.3 Polydimethylsiloxane Characterization
Rectangular test specimens (1.25 cm wide, 9 cm long) were cut from 0.5 mm thick sheets
of collagen IV coated silicone (Flexcell ® International Corp., Burlington, NC). A random
speckle pattern was applied using black and white spray paint, and samples were marked with a
pen to allow additional strain measurement from recorded images. Figure 5 shows a typical
sample. Specimens were clamped at the ends and stretched to 50% strain between clamps at
0.2mm/second on a uniaxial tester (Model 100P250, TestResources, Shakopee, MN). Force and
clamp displacement were recorded during testing. Poisson’s ratio was calculated at various
stretch levels from axil and lateral DIC strains. Images for use in DIC were recorded using the
camera described previously with a different lens (Model A211460, Tamron USA, Inc.,
Commack, NY) to allow for a larger field of view. The test was repeated for nine samples from
the same lot.
As a check on the DIC algorithm, strain measurements were performed by measuring
pixels between marked points on the undeformed and final deformed images. This provided a
single strain measurement for the maximum stretch to compare to DIC.
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Figure 5: A typical uniaxial test sample after testing. Speckle is applied using spray paint.
Speckle is visibly worn off where clamps contacted the sample. Arrows indicate pen marks used
as gauge length markers to compare strain measurements calculated from marker displacement to
DIC strains.

3.4 Finite Element Analysis
3.4.1 Membrane Finite Element Analysis
In order to provide a theoretical solution to which experimental data can be compared,
the membrane stretcher was modeled in FEA (Abaqus 6-14, Dassault Systemes, Paris, France)
using 4-node bilinear plane stress quadrilateral (CPS4) elements, with large deformation
nonlinear analysis. The meshed geometry and applied boundary conditions are shown in Figure 6
below. The ends of the membrane tabs were displaced 5.5 mm, corresponding to the clamp
displacement in the experiment. A mesh convergence study showed that 1 mm per mesh element
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allowed sufficient convergence (Fig. 7). Two lines of symmetry were used to improve
computation time.

Figure 6: The membrane geometry takes advantage of two lines of symmetry. Displacements are
applied at the ends of tabs.

Figure 7: Strain is shown as a function of the number of elements along a horizontal radius.
Strain converges after 15 elements, and 25 elements were used in the simulation.
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3.4.2 Uniaxial Finite Element Analysis
The uniaxial testing experiments were modeled in FEA. The bottom of the silicone
sample was constrained in all directions, and the top of the membrane was displaced along the
stretch axis and constrained perpendicular to the stretch axis (Figure 8). 3D, 20 node tetrahedral
elements (C3D20) were used. Nonlinear geometry was used and the silicone was modeled as
hyperelastic using the Marlow strain energy function (Ali et al., 2010). The Marlow model
automatically generates the strain energy function for a material using experimental test results
as an input. Data from the uniaxial testing experiments were used as inputs to the Marlow model.

Figure 8: C3D20 mesh elements were used and the bottom of the sample was fixed while
displacement was applied at the top.
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CHAPTER 4
RESULTS

4.1 Membrane Strain Fields
The primary design goal of any cell mechanical stimulator is to accurately recreate in
vivo mechanical stimuli, and for the current stretcher this means a region of uniform, equibiaxial
strains applied to cells. This was evaluated both experimentally and analytically using DIC and
FEA.
Ncorr takes images of the membrane during stretching as inputs, and calculates the strain
field within a specified region of interest for each image. By default, results are given as strains
in the horizontal and vertical directions. By default, Ncorr reports strains in the vertical and
horizontal directions (Figure 9A, 9B). However, in this study strains were converted to radial and
circumferential, and plots show strain values along a radius (Figure 10).
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Figure 9: Data output from Ncorr. Engineering strains in the y (A) and x (B) directions are
shown within the region of interest superimposed onto a photograph of the membrane mounted
in the stretcher.

Figure 10: Circumferential positions used to report biaxial cell stimulator data in Figures 10 and
11 are superimposed onto the membrane to illustrate the position of the membrane tabs where
the tractions are applied in the stretcher.
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Radial and circumferential strains plotted along various radii within the circular region of
interest show relatively uniform strains at the center of the membrane, which become
increasingly nonuniform further from the center of the membrane (Figures 10 & 11). Strain data
along all 12 radii shown in Figure 10 are available in Appendix B.

Figure 11: Radial and circumferential engineering strains are plotted from the center of the
membrane outward, along 4 equally spaced radii, as per the convention in Figure 10. Data for all
12 radii analyzed are available in Appendix B.

31

Figure 12: Radial (dashed lines) and circumferential (solid lines) engineering strains plotted
together along various radii. Strains are approximately equibiaxial within about 5 mm of the
membrane center.

Further evidence that the central region is in an equibiaxial strain state is provided by the
fact that within this region there are no shear strains in the membrane in the plane of the
membrane, whereas, at radial positions further away from the central region, the shear strains
increase with the radius (Figure 13).
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Figure 13: Shear strains increase with distance from the center of the membrane. This provides
a metric by which the equibiaxial nature of strain at membrane center can be measured and may
be of interest in studies of cell response to substrate shear strains.

4.2 Polydimethylsiloxane Mechanical Properties
The Flexcell StageFlexer® membrane (Flexcell ® International Corp.) is one of the most
widely used types of cell stretcher membrane, and its mechanical properties play a key role in
determining the mechanical stimuli applied to cells in vitro. Uniaxial testing was performed to
characterize polydimethylsiloxane samples while recording images for DIC strain analysis. The
uniaxial tester collected force and clamp displacement data, while DIC was used to characterize
strain fields. Young’s modulus of elasticity of the silicone membrane was found to be 910 kPa
(Figure 15). The value reported by the manufacturer is 930 kPa (Appendix A).
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Figure 14: Young’s elastic modulus was found experimentally to be 910 kPa, very close to the
manufacturer’s reported value of 930 kPa.

Poisson’s ratio was calculated at each image from DIC strains and recorded as a function
of stretch ratio (λ) along the stretch axis (Figure 16). It varies from approximately 0.43 at zero
strain (λ=1) to approximately 0.30 at 50% strain (λ=1.5). Both collagen IV-coated membranes
and uncoated membranes were tested and showed approximately the same variation of Poisson’s
ratio with strain level. The universal Poisson’s function (equation (7)) for an isotropic,
incompressible material is shown for reference.
Strain measurements obtained from the gauge marks agree closely with DIC. Axial strain
in the center of the test sample for the last image recorded during stretching was found to be 49%
using DIC as well as the extension between the gauge marks. The uniaxial test was also
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simulated in FEA, and for a given displacement, strains on the test sample were within 2% strain
of DIC data.

Figure 15: Poisson’s ratio is shown as a function of axial stretch ratio for both uncoated and
collagen IV coated samples in comparison to the Universal Poisson Function from equation (7).
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4.3 Finite Element Analysis
For the membrane, there is very good qualitative and quantitative agreement between the
experimental DIC results and those obtained using finite element analysis (FEA) (Figures 15 and
16).

Figure 16: DIC and FEA results for the membrane show very good agreement. For the FEA, the
PDMS was taken to be linear elastic material (E = 910 kPa; Poisson’s ratio = 0.43).
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Figure 17: Comparison of DIC and FEA results for the membrane. For the FEA, the PDMS was
taken to be linear elastic material (E = 910 kPa; Poisson’s ratio = 0.43). Strains in the radial
direction are plotted at points along a line from the center of the membrane a long a radius to the
outside of the membrane. Note that DIC results and the one standard deviation envelope are
available over a smaller region than those obtained using FEA. In other words, DIC results are
available for the whole of the membrane.

The influence of the constitutive model used for PDMS in the FEA work (linear elastic
versus hyperelastic with the Marlow formulation) on the FEA strain results for the entire
membrane is very minor (Figure 18).
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Figure 18: The Marlow hyperelastic material model produces a slightly improved match between
experimental DIC and FEA data, except near the tab regions.
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CHAPTER 5
DISCUSSION

The goal of this study was to provide a mechanical characterization of the
polydimethylsiloxane (PDMS) membrane stretcher system introduced by Rapalo et al. (2015),
and in doing so, to demonstrate the use of Ncorr DIC software for characterizing strain fields in
silicone membranes. This characterization involved both analysis of the strain fields on the
surface of stretched membranes, and also mechanical characterization of the PDMS sheets from
which membranes are cut.
5.1 Membrane Strain Fields:
Accurate characterization of the mechanical conditions is essential to effective use of cell
mechanical stimulators. In order to simulate the mechanical environment of epithelial lung cells,
strains applied to epithelial cells must necessarily be biaxial and uniform across the region being
studied. The stimulator used in this study is designed to produce equibiaxial strains at the center
of the membrane, but clamping effects and membrane geometry cause highly variable strain
fields near the edge of the membrane. Accurate characterization of the strain fields induced by
the stimulator ensures that the response measured in the cells can be related to a known
mechanical stimulus.
The stretcher induces uniform, equibiaxial strains within 5-7 mm of the center of the
membrane. The uniformity of the strain field is most easily assessed by looking at Figure 11.
Strain value are close to uniform out to approximately 5mm from the center, where the values
start to diverge. The profiles shown indicate that cells cultured within the uniform area will
experience the same applied strain levels, a key fact in interpreting response to mechanical
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stimulus. It can also be seen in Figure 11 that strain profiles are symmetric, as shown by the
match between the 0° and 180° profiles and the 90° and 270° profiles. Additionally, since the 0°
and 180° profiles are in line with a clamping axis, they exhibit approximately the opposite shape
of the 90° and 270° profiles, which are located between two clamp axes. All profiles analyzed
are available in Appendix B.
While strain values aren’t precisely equal, it is reasonable to say that values within 1%
strain of each other are equibiaxial. This is the case within 5-7 mm of the center of the
membrane. The stretcher studied accurately and consistently applies physiologic mechanical
stimulus to cultured cells within 5-7 mm of the center of the membrane. When observing cell
response to stretch applied in the stretcher system, it is critical to know that cells observed
outside of this central region may not be indicative of the response that would be seen in vivo.
However, this may be advantageous in observing cell response to other than hydrostatic strains
or to hyperphysiologic strains on the periphery of the membrane.
The membrane was modeled using FEA in order to confirm experimental DIC data, and
to allow future analysis of alternative stretcher designs. Previous work has been done on
modeling similar silicone membranes in the field of cell biomechanics (Table 2). Studies have
used various hyperelastic material models, and most are 2D.
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Table 2: Most FEA studies of silicone membranes in the cell mechanobiology field have used
hyperelastic plane stress models.
Author, Year
Gilbert et al., 1994
Waters et al., 2001
Vande Geest et al., 2004
Tan et al., 2008
Moerman et al., 2009
Chiang et al., 2010
Simmons et al., 2011
Simon-Allue & Cordero,
2014
Present Study

Material Model
Hyperelastic
Hyperelastic (Blatz-Ogden)
Hyperelastic (Neo-Hookean)
Hyperelastic (Arruda-Boyce)
Hyperelastic (Neo-Hookean)
Hyperelastic (Neo-Hookean)
Linear elastic
Hyperelastic (Neo-Hookean)

Analysis Type
Plane stress (Axisymmetric)
Plane stress
Plane stress
Plane stress (Axisymmetric)
3D
Plane stress
3D
Plane stress

Hyperelastic (Marlow)

Plane stress

Elastomers are usually modeled using a hyperelastic constitutive model, defined by a
strain energy density function. This function relates the amount of energy stored in a material to
the amount of strain in the material. Various forms of this energy density function are available,
but all of the forms are comprised of a deviatoric component and a volumetric component. All of
the forms except the Marlow model allow the deviatoric component to be defined by a set of
material parameters, but the Marlow model uses a set of experimental test data to define the
deviatoric component. Where other material models will generate a best fit to a set of data, the
Marlow model replicates the input data (Abaqus Analysis User's Manual, 2012; Marlow, 2003).
This study uses smoothed uniaxial tension testing data as inputs to the Marlow model
(Figure 19). The stress data is smoothed by fitting a cubic polynomial to a moving window of
seven data points using the least-squares method. The stress and axial strain data then define the
deviatoric component of the strain energy density function, while the lateral strain data generate
the volumetric component. It is important to note that while the smoothing function applies a
piecewise polynomial fit to the experimental data, the Marlow form of the strain energy density
function will replicate the input data, in this case the smoothed experimental data.
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Figure 19: Stress, axial strain and transverse strain data are collected experimentally. Stress data
is smoothed and used with axial strain data to define the deviatoric component of the Marlow
strain energy function. The four individual cubic polynomial fits obtained with a moving window
of 7 data points had coefficients of determination (R2) ranging from 0.99486 to 0.9998.
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The Marlow model was used because it is generally recommended for modeling
hyperelasticity when a single set of input test data is available, but it is also advantageous in this
context because its volumetric component of strain energy density accounts for both the variation
in Poisson’s ratio and slight compressibility of the PDMS membrane material.

5.2 Mechanical Properties of PDMS:
Flexcell’s StageFlexer® line of PDMS membranes has become very popular in cell
mechanics studies since their commercialization in the early 1990’s. However, despite their
popularity, to the author’s knowledge there have been no reported efforts to characterize the
membrane mechanical properties. The mechanical properties of a membrane material have a
strong effect on the shape and magnitude of strain fields induced during stretching, and as will be
shown, these properties can vary widely with the PDMS formulation used.
In uniaxial testing of the Flexcell StageFlexer® PDMS membrane (Flexcell ®
International Corp.), Young’s modulus was measured to be 910 kPa, very close the value of 930
kPa reported by Flexcell (Appendix A). Although membrane strains will be proportional to the
modulus, the modulus has no effect on the shape of the strain field. Thus, while the modulus
determines strain magnitudes and is necessary for providing full analytical solutions, it will have
no effect on strain field uniformity or on whether strains are equibiaxial.
Poisson’s ratio for the PDMS membrane was calculated at each image recorded during
uniaxial testing based on strain values at the center of the membrane. For a given image, DIC
calculates a strain field for the surface of the test sample in the vertical and horizontal directions
(in this case, axial and transverse) using the undeformed first image as a reference. The values
shown in Figure 15 are each an average of Poisson’s ratio values for 9 samples tested.
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Uncertainty is reported as one standard deviation, and is larger at low strains due to the difficulty
in consistently resolving small strains for multiple test samples. In measuring Poisson’s ratio for
an elastomer such as PDMS, it is expected that Poisson’s ratio will show variation with strain
level, in accordance with the universal Poisson’s function shown previously in equation (7) and
again here for reference:
Universal Poisson’s function:

8)

1

𝜐(𝜆) = 𝜆+𝜆1/2

While the dependence of Poisson’s ratio on strain level may be well known in the field of
applied mechanics, this a much less reported fact in the field of biomechanics, where mechanics
often play a secondary role to the study of biological effects. The dependence of Poisson’s ratio
on strain level for elastomers has not been widely appreciated. Roman (2004) reported that
Poisson’s ratio for PDMS is approximately constant (ν=0.47±0.028) at true strains from 0.2 to
0.7. However, this conflicts with well established previous works (Cauchy, 1827; Beatty &
Stalnaker, 1986).
Poisson’s ratio for the Flexcell StageFlexer® membranes was observed to vary with
stretch ratio according to the same trend as the universal function, with Poisson’s ratio
decreasing by approximately 0.15 with a change in stretch ratio of 0.4. However, the recorded
values of Poisson’s ratio for the membrane are lower than expected based on the Universal
Poisson Function. This suggests that the assumption of a perfectly incompressible material used
in the universal function is not valid for the membrane. In an effort to support the validity of DIC
measurements, the DIC-recorded strain values used in calculating Poisson’s ratio were confirmed
by measurements of strain determined from gauge length extension using the gauge marks drawn
on the membrane in the stretch direction, confirming that the DIC system is accurately reporting
strains on the membrane surface over the gauge length.
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It was hypothesized that the surface treatment of the membrane could be causing the
discrepancy between the experimental Poisson’s ratio data and what was expected. The Flexcell
StageFlexer® membranes are available with a variety of surface coatings to improve cell
adhesion. The collagen IV surface treatment on the membranes used in this study could cause a
discrepancy between the mechanics of the PDMS membrane and the observed surface behavior.
Therefore, both collagen IV coated membranes and uncoated membranes were tested, and
produced the same values of Poisson’s ratio, eliminating the collagen IV treatment as a cause of
errant data.
The reason for the difference between experimental values and theory in this case is
likely due to the formulation of the PDMS used in the Flexcell StageFlexer® membranes. Large
variability has been reported in the rigidity and the stress-stretch response of PDMS for various
formulations, as well as for multiple samples prepared identically (Huang & Anand, 2005; Fuard
et al., 2008). PDMS is typically sold as a monomer solution and a curing agent that will induce
crosslinking in the monomer solution when mixed. The degree of crosslinking, and therefore the
rigidity of the PDMS, depends on the ratio of monomer to curing agent. Huang & Anand (2005)
found that 5:1 and 20:1 PDMS had a rubbery equilibrium modulus, μR, of 0.34 MPa and 0.15
MPa, respectively. More surprising is that multiple samples of 20:1 PDMS prepared identically
had rubbery modulus values ranging from 0.12 MPa to 0.21 MPa. Fuard et al. found similar
results for the change in PDMS material properties with the degree of crosslinking, and they also
reported that the tensile modulus increased by as much as 0.3 MPa after 5 months. Flexcell does
not report the formulation used to create the Flexcell StageFlexer® PDMS membranes, and they
do not report the age of the membrane, but these factors play a large role in determining the
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properties of the membrane. Appendix C shows a study of time dependent effects for the
stretcher setup in the present study.
In summary, the stretcher studied is able to accurately reproduce in vivo mechanical
stimuli for cultured cells within a 10 mm diameter region at the center of the membrane. Within
this region the in-plane strain field is hydrostatic and devoid of shear strain. Outside of this
region, strains are highly variable spatially, and are not equibiaxial with in plane shear strains
increasing as the edge of the membrane is approached. Poisson’s ratio for the PDMS membrane
material varies significantly with strain level. Poisson’s ratio values are lower than would be
expected for a perfectly incompressible material, and this is due to the PDMS formulation used.
5.3 Study Limitations:
There are limitations to consider with the use of DIC. The use of DIC with a single
camera is limited to planar strain analysis with minimal out of plane motion. Two cameras are
needed to analyze strains on a 3D surface, but in the case of a planar cell stretcher DIC is a
powerful tool. This is not a limiting factor for the current study, however it is important in
considering the use of DIC in future studies.
Another limitation of DIC is its strong dependence on the patterning of the surface of
interest. In this study, the application of a spray paint speckle pattern allowed the use of a pattern
that was tailored to the size of the region of interest for DIC analysis. Despite this, the DIC
system in this study still showed limited resolution in strain values below 10% strain. Values
varied by up to 3% at 5% strain (0.05±0.03). Above 10% strain, variance in measurements was
below 1% strain.
Imperfect pattern recognition was a limiting factor in this study, and is one of the most
important, if not the most important consideration in planning experiments using DIC. At the
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most basic level, DIC is a pattern recognition technique. This affords the extreme versatility of a
truly scale agnostic strain analysis technique, but on the other hand it can be a drastic limitation
where a pattern cannot be applied and the natural pattern is not traceable. This issue can be
remedied by a good understanding of the balance between resolution and accurate cross
correlation. This balance is struck by the choice of pattern dimension and subset size. The subset
size needs to be chosen such that the subset is large enough to include a unique set of identifiable
features, and it must be small enough that many subsets can be tracked to provide resolution in
displacement fields. Higher resolution imaging will allow for finer patterning and smaller subsets
to be used, since the small features of the pattern will still be resolved and recognized by the
cross correlation technique. The effects of subset size, as well as strain radius, are shown for the
present study in Appendix D.
In this study, the camera used had a resolution of 1388 x 1038 pixels, and the images
recorded had a resolution of 30 pixels/mm. A region of interest was selected to be a circle with
diameter 30 mm, or 900 pixels. The region of interest was then broken into subsets, which were
set to 30 pixels wide. Thus, displacement values were calculated over 1 mm.
Despite the limitations inherent to the DIC technique, the parameters of this study
allowed reasonable use of DIC. Ncorr was used to observe strain fields in the cell stretcher and to
observe strains in uniaxial testing of the polydimethylsiloxane (PDMS) elastomer. DIC offers a
powerful method for non-contact strain measurement, and Ncorr offers many improvements over
other DIC systems used previously. Ncorr not only offers the advantages that come with an open
source system (customizable, free of cost), but it also offers a high degree of user control over
the algorithms implemented, many of which are drastic improvements over those used in existing
software packages (reliability-guided DIC, discontinuous displacements and geometry).
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Conclusions:
This study set out to characterize strain fields induced on membranes stretched using the
stretcher system reported by Rapalo et al. (2014). The membrane strain field results indicate that
the stretcher is able to accurately reproduce in vivo mechanical stimuli imposed on cells cultured
within a 10 mm diameter region at the center of the membrane. Within this region, the in-plane
strain field is hydrostatic and devoid of shear strain. Outside of this region, strains are highly
variable spatially and are not equibiaxial, with in-plane shear strains increasing as the edge of
the membrane is approached. A plane stress FE study was performed using a hyperelastic
material model. Results agreed well, both qualitatively in the shape of strain distributions, and
quantitatively in the magnitude of strains on the membrane. The stretcher is advantageous in that
it is optimized for cell imaging and it largely eliminates fluid shear stimulus to cells. Its primary
disadvantage is that clamping effects induce a nonuniform strain field at the periphery of the
membrane.
A secondary goal of the study was to characterize the mechanical properties of the
Flexcell StageFlexer® membrane. This membrane is widely used in cell mechanics studies, but
has seen limited work in the way of measuring mechanical properties. The elastic modulus and
Poisson’s ratio have a strong effect on the magnitude and distribution of the strain fields applied
to cells, and therefore, these values are important for accurately describing mechanical stimulus
applied to cell cultures. The modulus was measured to be 910 kPa, as compared to the
manufacturer’s reported value of 930 kPa. Poisson’s ratio was measured for various strain levels,
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and shows a significant decrease with increasing strain. This is a phenomenon that has been well
studied and reported in the field of applied mechanics, but it is not recognized in the field of cell
stretchers, where it can have a significant impact. Additionally, the recorded values for Poisson’s
ratio were approximately 0.1 less than values predicted for isotropic, incompressible materials.
This is likely due to the PDMS formulation used in making the Flexcell StageFlexer®
membranes, but this information is not reported by the Flexcell company.
In summary, strain fields and membrane material were characterized for a stretcher used
in previous and current studies. This provides important information on the stimulus applied to
cells in vitro, and also demonstrates the use of DIC in the field of cell mechanics. The Ncorr
open source DIC software proved to be a very useful tool in analysis of strains on membrane
surfaces, and it offers potential for planning and performing future studies of both membrane
strain and strains in cell monolayers.
6.2 Future Work:
The stretcher used in this study holds potential to be used in a variety of configurations to
apply different stress states to cultured cells. Relatively simple modifications could allow
uniaxial or shear studies. Membranes could be designed to generate multiple uniform strain
regions of various magnitudes.
DIC holds potential for applications beyond characterizing membrane strains. The
technique has been used previously to observe intercellular and intracellular strains in vitro, but
tracking the cells as imaged without applied patterning is very challenging. Ncorr has
implemented changes that will make this easier and potentially allow strain measurements for
new cell studies. Another potential application is the use of DIC in observing tissue strains. Data
on strains in musculoskeletal tissue is often elusive and difficult to measure. 2D DIC, and
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particularly digital volume correlation (Bay et al., 1999), would likely be a powerful tool in
observing tissue strains, both in vitro and potentially in vivo.
Lastly, finite element studies of various stretcher configurations reported in the literature
have used a variety of constitutive models for the hyperelastic membrane. It would be valuable to
explore the ability of various hyperelastic material models to accurately represent the PDMS
membrane as it is used in stretcher setups.
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Appendix A: Bioflex Membrane Material Properties Specification Sheet

FLEXCELL INTERNATIONAL
CORPORATION
Biotechnology Products for Cellular Biomechanics™

Material Properties Specification Sheet
Bioflex Membrane
Property
Physical Properties:
Durometer, Shore "A" (pts)
Tensile Strength, psi (MPa)
Modulus of Elasticity (Young’s Modulus) (kPa)

Test Method

BioFlex
Membrane

ASTM D2240

40

ASTM D412

1000 (6.9)

Flexcell Internal

930

ASTM D412

450

Modulus is measured in the strain region of 0 - 0.18 =>2mm/11mm

Elongation, %
Tear Strength, ppi (kN/m)

ASTM D624

125 (21.9)

ASTM D395B

30

Effects of Dry Heat Aging:
Change in Hardness, Shore "A"(pts)
70 hr. @ 437°F (225°C)

ASTM D573

+/-5

Change in Tensile Strength, %

ASTM D573

-15

Change in Elongation, %

ASTM D573

-40

Effects of Oil Immersion
(ASTM#1 Oil)
Change in Hardness, Shore "A" (pts)

ASTM D471

+/-5

Change in Tensile Strength, %

ASTM D471

-35

Change in Elongation, %

ASTM D471

-40

Change in Volume, %

ASTM D471

+10

Compression Set, %
70 hr @ 300°F (149°C)

70 hr. @ 302°F (150°C)

Electrical & Thermal Properties
Dielectric Constant

ASTM D150

3.0
Dielectric Strength, Volts/mil

ASTM D149

400

Volume Resistivity (Ohm/cm)

ASTM D257

>1x1014

Thermal Conductivity
(BTU in/hr/ft2/°F)
(Wm/°K)

ASTM C-518

1.5
0.21

Culturing Cells in a Mechanically Active Environment™
Hillsborough Business Center 437 Dimmocks Mill Road Hillsborough, NC 27278
800-728-3714 (919) 732-1591 FAX: (919) 732-5196 www.flexcellint.com
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Appendix B: Supplemental Membrane Strain Field Data

Figure 20: Radial and circumferential strain profiles along various radii. Collinear radii (for
example 0 and 180) are expected to show the same profile, while Perpendicular radii show
reversed profiles. This is due to the position of radii relative to the clamps.
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Appendix C: Time Dependence Study
Membranes were stretched to 10% strain on the linear motor, and the stretch was held for
30 minutes. Images were recorded every minute, starting as soon as 10% strain was applied. The
images were then analyzed in the Ncorr digital image correlation program to verify that no
significant change in the membrane strain field occurred while holding 10% strain at membrane
center for 30 minutes (Figure 21). Note that the reference image for DIC is taken after strain is
applied, and thus any strain shown is a result of a change in the strain field after stretch was
applied.

Figure 21: Membrane strain fields showed negligible change while held at approximately 10%
strain for 30 minutes. Note that imaging was started after stretch was applied. Pictures are shown
for 0% to establish a level of systemic error.
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Appendix D: Selection of Subset Size and Strain Radius
The accuracy and resolution of digital image correlation (DIC) results is highly
dependent on the selection of subset size and strain radius. The subset size needs to be set such
that subsets are large enough to be unique and small enough to allow for many subsets, and thus
high resolution of displacement values (Figure 22). The strain radius should be set small enough
to avoid data smoothing and large enough to avoid artificial noise in strain field data (Figure 23).

Figure 22: Strains are shown for varied subset sizes. The present study uses a subset size of 26
pixels. Data resolution is higher at smaller subset sizes, but accuracy of data is higher at higher
subset sizes.
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Figure 23: Strains are shown for various strain radius sizes. The present study uses a strain radius
of 13. At strain radius sizes of 26 and 51pixels, significant data smoothing can be seen, while at
1 pixel, data is noisy.
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Appendix E: Ncorr DIC Program Tutorial
The following is a tutorial on Ncorr DIC software. Ncorr is an open source 2D DIC
software that is implemented in MATLAB. Its graphical user interface (GUI) provides an
intuitive workflow that is easy to use. This tutorial will not cover the collection of images for
DIC, the theory behind the DIC technique, or the algorithms implemented in Ncorr. The Ncorr
software download, as well as a discussion of all of these topics, can be found at
www.ncorr.com.
The Ncorr website provides instructions for downloading the software and some
instruction on running an analysis. The user manual should be downloaded and used to run the
program. This document will serve as a supplement to the user manual. To start the program,
open MATLAB and navigate to the location of the Ncorr program files. Type the following
command into the MATLAB command window:
handles_ncorr=ncorr
The Ncorr GUI will open and a notice may appear regarding the path (Figure 24).

Figure 24: The MATLAB path set dialogue indicates that the default read/write directory is not
where Ncorr is reading from.
This means that the default location for MATLAB to read and write from is no the same as the
location where the Ncorr program files are stored. Click Yes to continue.
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Ncorr workflow is intuitive in that the steps the user must take proceed from left to right
from the File tab to the Plot tab, and from top to bottom within tabs. First, select File>Load
Reference Image (Figure 25). This will open a dialog to select the image to be used as the
reference image (usually the undeformed image). Select the image and click Open.

Figure 25: The progression of the analysis moves through tabs from left to right and within tabs
from top to bottom.
The next step is to select all images after the reference. There are options to either load
the images up front or to allow the program to load each image individually as needed (Figure
26). This will be decided by the amount of available memory on the computer used. When
loading the current images, it is critical to follow the naming convention listed in the Ncorr
manual, as shown below:
name_#.ext
Where ‘name’ is the name of the set of images, which will be the same for each image, ‘#’ is the
number that will be used to order the images when loaded, and ‘ext’ is the file extension. If this
naming convention isn’t used, the program will not load the images.
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Figure 26: Ncorr provides multiple options for loading current images, to be decided by the
amount of available operating memory on the computer.
As steps are completed, they will turn from red to green in the Program State box on the left
(Figure 27).

Figure 27: Completed steps turn from red to green.
The next step is to define the region of interest (ROI) for the images used. Select Region of
Interest>Set Reference ROI. The Draw ROI dialogue will appear (Figure 28).
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Figure 28: The region of interest can either be drawn using the Ncorr interface, or predefined and
loaded as an image file.
There are two available methods for defining the ROI; a predefined ROI can be loaded
from a file, or the user can draw the ROI over the reference image. If the user selects Draw ROI,
the image shown above will remain visible and options are provided to draw rectangles, ellipses,
or freeform shapes. To load a file, select Load ROI. The predefined ROI must be an image that is
the same size (in pixels) as the reference image. The ROI must be white and everything outside
the ROI must be black. In the example shown here, the ROI is defined as a circle that covers
most of the speckled membrane shown in the reference image (Figure 29).
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Figure 29: The predefined region of interest is defined by a white region of interest surrounded
by black space.
In most cases, it is much easier to draw the ROI within the Ncorr GUI than to predefine an ROI.
However, it may be advantageous to use the predefined ROI if the user plans to run many
different DIC analyses, and needs to pull out data from the results. Pulling out this data requires
matrix referencing in MATLAB and therefore, it is helpful to have the same size array of results
for each analysis. This allows the use of a single program to pull out and manipulate data from
different DIC analyses. Since the image needs to be the same size as the reference image, it is
easy to use an image editor to open a copy of the reference image and draw the ROI on top of the
image and make everything else black. This was done in the Microsoft Paint application for the
current study.
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Now that the reference image, current images, and ROI have been set, select
Analysis>Set DIC Parameters. This dialogue allows the adjustment of algorithm-related
parameters. The first section defines the subset size and spacing. The Subset Radius specifies the
size of subsets. The subset is highlighted in the image on the left, and the magnified subset is
shown on the right. In the image on the right, each point in the subset is highlighted. Subset
Spacing determines the number of points used to define a subset. Large subset spacing will result
in more space between points and thus fewer points in the subset. Each point is a location from
which grayscale values are taken and used in calculating correlation coefficients (Figure 30).

Figure 30: Subset radius and spacing are important parameters that will dictate the accuracy and
resolution of results.
The selection of the subset size needs to be determined based on the resolution of the
pattern. Whether a speckle pattern is applied or the natural pattern in an image is used, the subset
size should be set such that the subset contains a pattern that is unique to a particular location in
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the image. The more unique the pattern in a subset, the easier it will be to identify using the cross
correlation method. However, the resolution of results must be considered as well. Based solely
on the uniqueness consideration, one might think that the best subset size is the biggest possible,
as this large subset will be the most unique possible. However, this would result in very low
resolution in calculated strain fields.
In order to understand this consideration, consider the extreme case where only two
subsets are used for the entire image. Cross correlation would be very effective because many
points would be available to identify the subset in deformed images, but strain values would be
calculated from just two displacement vectors, as there are only two subsets to track. In the
opposite extreme, subsets would be very small and provide many different displacement vectors
with which to calculate a strain field, but subsets would not be unique and cross correlation
would likely misidentify subset location in deformed images. This consideration is important to
understand, but is relatively easy to navigate when a speckle can be applied and the coarseness of
the pattern features can be tailored to the application. When the natural pattern present in images
is used, such as in images of cells, the subset size can be used as a powerful tool allow reliable
analysis of strains.
The iterative solver section allows the user to specify a cutoff criterion for the iterative
solver. Multithreading is used to run the DIC analysis in parallel on multiple cores. In order to
use Multithreading, the parallel processing toolbox must be downloaded from Mathworks. High
strain analysis is used when the user anticipates large deformations in the images that might
cause cross correlation to fail. This option will implement reference image updating, a technique
that has been discussed thoroughly in literature, as well as in the Algorithms section of the Ncorr
website (www.ncorr.com/algorithms). Discontinuous Analysis gives the option for subset
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truncation. This will allow subsets to be calculated partially when discontinuities are encountered
in the geometry or deformations, as in the case of the edge of a surface, or where the region of
interest includes a rigid material adjacent to a deformable material.
After setting the DIC parameters, select Analysis>Perform DIC Analysis and the Select
Region dialogue will appear (Figure 31).

Figure 31: Selecting the region to be analyzed is important if multiple unattached regions of
interest have been defined.
The user will select the region to be analyzed. This used in case multiple ROI’s have
been specified previously, but most cases will only use one ROI. Next, the user will select the
location for the seed used in the first step of the iterative process (Figure 32).
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Figure 32: Seed positioning allows the user to ensure that seeds are placed in a region of
continuous displacements and geometry with relatively low strain gradients.
The seed will be used to specify the location of the subset that will be used for an initial
guess in the iterative scheme. It is important to pick a location which will have a continuous
displacement for all images with a relatively low displacement gradient. The most important
consideration is to ensure that the seed is placed in a location that remains in the field of view of
the image for all images. The program will show the seed subset for both the reference image
and subsequent current images (Figure 33). This allows the user to verify that the subset is
unique enough for the program to correctly track its location across multiple images.
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Figure 33: Ncorr allows the user to verify that the seed is tracked correctly through deformed
images.
After running the DIC analysis, deformation values are calculated by tracking subset
locations. Now the user needs to specify how the displacement data will be processed to generate
strain fields. Select Analysis>Format Displacements (Figure 34).
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Figure 34: Displacement formatting allows the definition of a length scale, as well as a
correlation coefficient cutoff used to eliminate errant data.
The user can define a conversion between pixels and length using the conversion option.
To do this the user specifies a line on the reference image and inputs the length of the line in the
desired units. This will cause displacement values to be plotted in the user-specified units, rather
than in pixels. The Formatting Options box allows the specification of a correlation coefficient
cutoff. The correlation coefficient can function as a measure of goodness-of-fit for subsets in the
ROI. This is useful because it can be used to exclude unreliable data from the results. The cutoff
value will vary with different simulations. It is good to start at the maximum and move down,
observing which parts of the data set are excluded before a cutoff value is chosen.
After formatting the displacements, go to Analysis>Calculate Strains (Figure 35). The
strain radius can be set, as well as the frame of reference for strains (Lagrangian or Eulerian) and
the displacements displayed in the plot.
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Figure 35: The strain radius is used to avoid noisy data, as well as data smoothing.
The final step after formatting and calculating strains is to plot the results using the Plot
tab. The figure below shows a plot of strains in the vertical direction for the membrane used in
this example (Figure 36).
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Figure 36: Strain results are given in the y and x directions by default. Data is plotted over the
undeformed reference image.
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